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Abstract
Background: General anaesthesia decreases pulmonary compliance and increases pulmonary shunt due to the development of
atelectasis. The presence of capnoperitoneum during laparoscopic surgery may further decrease functional residual capacity,
promoting an increased amount of atelectasis compared with laparotomy. The aim of this study was to evaluate the effects of
different levels of positive end-expiratory pressure (PEEP) in both types of surgery and to investigate whether higher levels of
PEEP should be used during laparoscopic surgery.
Methods: This prospective observational study included 52 patients undergoing either laparotomy or laparoscopic surgery.
Three levels of PEEP were applied in random order: (1) zero (ZEEP), (2) 5 cmH2O and (3) 10 cmH2O. Pulmonary shunt and
ventilation/perfusion mismatch were assessed by the automatic lung parameter estimator system.
Results: Pulmonary shuntwas similar in both groups. However, in laparotomy, a PEEPof 5 cmH2O signiﬁcantly decreased shunt
when compared with ZEEP (12 vs 6%; P=0.001), with additional PEEP having no further effect. In laparoscopic surgery, a
signiﬁcant reduction in shunt (13 vs 6%; P=0.001) was obtained only at a PEEP of 10 cmH2O. Although laparoscopic surgery was
associated with a lower pulmonary compliance, increasing levels of PEEP were able to ameliorate it in both groups.
Conclusion: Both surgeries have similar negative effects on pulmonary shunt, while the presence of capnoperitoneum reduced
only the pulmonary compliance. It appears that a more aggressive PEEP level is required to reduce shunt and to maximize
compliance in case of laparoscopic surgery.
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• Atelectasis during laparoscopic surgery may be attenuated
by positive end-expiratory pressure (PEEP) but the optimum
PEEP is uncertain.
• Using an automated system, this study assessed the effects
of different PEEP values on calculated shunt and other re-
spiratory variables.
• Major laparotomy and laparoscopy had similar effects in
pulmonary shunt and compliance.
• Shunt during laparoscopy was more resistant to increasing
PEEP compared with patients undergoing laparotomy.
• However, the absolute differences were small and more
data are required.
General anaesthesia causes impairment in pulmonary gas ex-
change and respiratorymechanics, even in patients with healthy
lungs.1 Such effects primarily result from the development of
atelectasis2 with subsequent shunting of pulmonary blood ﬂow
and impairment of gas exchange.3 Atelectasis has been described
both during laparotomy and laparoscopic surgery.4 The latter is
becoming increasingly prevalent, being associated with a lower
incidence of respiratory complication,5 a reduction in inﬂamma-
tory and metabolic responses,5 and a reduction in postoperative
pain and analgesic consumption.5–7 However, laparoscopic sur-
gery is not without potential complications, having been asso-
ciated with increased intra-abdominal pressure (IAP) due to the
presence of capnoperitoneum, which causes further cranial
shift of the diaphragm, favouring lung collapse, and decreasing
both chest wall compliance and functional residual capacity
(FRC).4 Andersson and colleagues demonstrated that capnoperi-
toneum results in an increased amount of atelectasis (66%) and a
16% reduction in FRC.8 The decrease in FRC can lead to ventila-
tion at low lung volume, which in turn can lead to peripheral
airway collapse, when the airways closing volume exceeds the
end-expiratory lung volume (EELV).8–10 Positive end-expiratory
pressure (PEEP) can counterbalance the decrease in EELV, thereby
preventing atelectasis during the intraoperative period,11–13 im-
proving pulmonary mechanics and decreasing pulmonary
shunt.1 The physiological effects of PEEP may lead the clinician
to question whether an increased PEEP level might be beneﬁcial
during laparoscopic surgery, providing compensatory alveolar
pressure against the collapsing alveolar pressure. To address
this question, this study investigated the effects of PEEP on pul-
monary mechanics and gas exchange during both laparotomy
and laparoscopic surgery. Therefore, the primary endpoint of
the present study was to investigate whether different levels of
PEEP should be used during major abdominal laparoscopic
surgery or laparotomy in order to optimise intraoperative
pulmonary shunt, as assessed by the automatic lung parameter
estimator (ALPE) system. The secondary endpoints were the
variations of both respiratory system compliance (Cdyn,rs) and
low V/Q at different levels of PEEP.
Methods
After obtaining approval from the ethics committee of our insti-
tution (Arcispedale Sant′Anna, Ferrara, Italy), informed consents
were obtained from each patient. The study was performed in
consecutive patients undergoing elective abdominal surgery
from June 2014 to January 2015. We enrolled patients >18 yr of
age, with an American Society of Anesthesiologists Physical
Status Classiﬁcation score of 1–3, scheduled for either laparo-
scopic surgery or laparotomy.
Patients with haemodynamic instability, severe chronic re-
spiratory failure, non-elective surgery, or preoperative anaemia
(haemoglobin <10 g 100 ml−1) were excluded from the study.
All patients were breathing a fraction of inspired oxygen (FO2)
of 1.0 during the induction of general anaesthesia. The latter was
induced with propofol (1.5–2 mg kg−1) and fentanyl (3 μg kg−1).
Muscle paralysis was obtained with rocuronium (0.6 mg kg−1) to
facilitate tracheal intubation. Patients were intubated via an
endotracheal low-pressure cuffed tubewith an internal diameter
ranging between 7.5 and 8.0 mm (Rushelit Rush AG Lab, Waiblin-
gen, Germany). Anaesthesia was maintained with an infusion of
propofol (150–200 μg kg−1 min–1), remifentanil (0.1–0.2 μg kg−1
min–1), and cisatracurium (1.5 μg kg−1min–1). The lungswere ven-
tilated through a Dräger Primus ventilator (Drägerwerk AG & Co.
KGaA, Lübeck, Germany) with a square ﬂow waveform with a
tidal volume (TV) of 6–8 ml kg−1 ideal body weight, inspiratory
time of 33%, and an inspiratory pause of 20%. The respiratory
ratewas varied to ensure eucapnia [end-tidal carbon dioxide par-
tial pressure (EtCO2) 3.9–5.3 kPa]. Patients were ventilated using
oxygen and air with an FO2 set at ≥40%, to maintain the periph-
eral oxygen saturation (SpO2) at ≥95%. At the start of the study,
PEEP was set to zero. Patients were given 8ml kg−1 of Ringer’s lac-
tate intravenously before the induction of anaesthesia and were
then maintained with 5 ml kg−1 h−1 Ringer’s lactate. During lap-
aroscopic procedures, capnoperitoneum was established with
CO2 insufﬂation and the intra-abdominal pressure was main-
tained automatically at 12–13 mmHg.
Patients were monitored by ECG, pulse oximetry, EtCO2, and
invasive arterial pressure using a Datex Ohmeda S/5 monitor
(Datex-Ohmeda Division, Instrumentarium Corp., Helsinki, Fin-
land). The radial artery was cannulated before induction of an-
aesthesia, in line with the standard practice of our institution,
for invasive blood pressure and blood gas monitoring. Analysis
of arterial blood gases was performed within 3 min from sam-
pling using an ABL 330 blood gas analyser (Radiometer, Copen-
hagen, Denmark). The depth of anaesthesia was monitored
through bispectral index monitoring (Aspect A-2000; Aspect
Medical System, Newton, MA, USA).
Study protocol
To analyse the effects of PEEP, patients in each group were sub-
jected to different values of PEEP: (1) 0 cmH2O (ZEEP), (2) 5
cmH2O, and (3) 10 cmH2O. About 15 min after incision (for lapar-
otomy) or capnoperitoneum (for laparoscopy), if the patients
were haemodynamically stable, that is, mean blood pressure
≥80 mmHg and heart rate ≥60 beats min−1, the protocol started.
Although patients were not randomized to laparoscopic sur-
gery or laparotomy, the level of PEEP applied was randomized
by using a computer-generated number. After the onset of the
protocol study at PEEP 0 cmH2O, each patient was ventilated
with PEEP levels of 0, 5, or 10 cmH2O in random order. Once
haemodynamic stability was achieved, the level of PEEP was
maintained for a period of 15 min. A 15 min period was chosen
to allow the effects of PEEP to reach equilibrium. Apart from the
variations in PEEP described here, basal ventilator settings were
maintained for each patient throughout the experiment.
At each PEEP level, and following the 15 min period, pulmon-
ary shunt and V/Q mismatch were assessed by the ALPE system
(ALPE Integrated, Mermaid Care A/S, Nr. Sundby, Denmark). The
ALPE system includes pulse oximetry, capnography, and indirect
calorimetry and mathematical models, which describe the
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patient’s V/Q matching. ALPE measures SpO2, oxygen consump-
tion (VO2), respiratory frequencyand tidal volume, and inspiratory
and expiratory partial pressure of oxygen. These measurements
are taken automatically by inserting a sampling tube in the re-
spiratory circuit for measurement of ﬂow, oxygen and CO2 and
by placing the pulse oximeter on a ﬁnger. The dead space of the
ALPE system sampling tube is 6.9 ml. In order to calibrate the
oxygen dissociation curve included in the mathematical models,
a blood gas sample was taken and blood gas values were input
to the ALPE.
To estimate the degree of pulmonary shunt and lowV/Q, ALPE
requiresmeasures of respiratory gas, volume and SpO2 at three to
four levels of FO2. These values are used by the ALPE to automat-
ically calculate pulmonary shunt and oxygen loss (O2 loss), the
latter being descriptive of low V/Q mismatch. The principle be-
hind this technique is that, in the case of pulmonary shunt,
SpO2 values change little on varying FO2. This is in contrast to re-
gions of the lung with low V/Q where the SpO2 of blood passing
through these regions changes greatly with FO2. Changes in FO2
therefore provide an appropriate signal to distinguish between
pulmonary shunt and low V/Q mismatch. Low V/Q mismatch
(O2 loss) is represented as the difference in oxygen partial pres-
sure between end-expired gas and blood leaving lung capillaries
prior tomixing with shunted venous blood.14 An O2 loss of 10 kPa
can be interpreted as a need for an increase in FO2 of∼10% so as to
normalize SpO2 in the non-shunted blood ﬂow.
The mathematical models used by the ALPE system to esti-
mate pulmonary shunt and low V/Qmismatch are based on con-
tinuous ventilation and perfusion and mass conservation. The
ALPE technique of using oxygen as a tracer gas assumes there
is a steady state and that variation in FO2 does not affect lung
physiology. The ALPE technique and the validity of its assump-
tions have been described in detail previously,14 15 and studies
have been performed evaluating and applying ALPE. These
include evaluation against the reference technique, the Multiple
Inert Gas EliminationTechnique,16–18 investigation in postoperative
patients, and investigation in intensive care patients.19–22
Data analysis
Age, sex, American Society of Anesthesiologists classiﬁcation,
height, weight, and body mass index were recorded for all pa-
tients. Physiological variables were recorded continuously
throughout the study, including haemodynamics (heart rate,
mean blood pressure), gas exchange and ventilation (total vol-
ume, respiratory rate and minute volume ventilation). The mag-
nitude of airway pressure measured at the point of zero ﬂow (P1)
at the end of inspiration was obtained directly from the ventila-
tor. Total respiratory dynamic compliance (Cdyn,rs) was calculated
with the following equation: Cdyn,rs=TV/(P1−PEEP).
Statistical analysis
Power analysis was performedwith G*Power 3.1. We assumed that
changes in intrapulmonary shunt with PEEPand the difference be-
tween inductionorno inductionof capnoperitoneumwould reﬂect
previous studies.23 24 Power analysis was performed expecting a
standard deviation in shunt of 4%, as observed previously,21 23
and a moderate correlation (0.7) among repeated measures within
subjects. A total of 50 patientswere required for repeatedmeasures
analysis of variance (ANOVA) to detect an interaction between sur-
gery type and PEEP of at least 1.5% additional change in shunt per
step in PEEP in one surgery type compared with the other, with a
power of 0.8 and signiﬁcance level of 0.05.
Data are reported asmean and standard deviation () or me-
dian and interquartile range for continuous variables and as
absolute or relative frequencies (%) for categorical variables.
Normal distribution of data was tested by the Shapiro–Wilk
Normality Test.
Unpaired Student’s t-tests or Mann–Whitney U-tests for data
with normal or not normal distribution, respectively, were used
to compare continuous variables in the laparoscopic and laparot-
omy groups as appropriate.
Differences between measurements at different PEEP levels
were analysed using repeated measures ANOVA or Friedman’s
rank analysis for datawith normal or not normal distribution, re-
spectively.Whenmultiple comparisonweremade, P-valueswere
adjusted by the Bonferroni post hoc procedure. Two-way re-
peated measures ANOVA was employed to test for group effects
evaluating the effects of PEEP levels, surgery type, and their inter-
action. Furthermore, the inﬂuence of the order of PEEP levels was
assessed by a two-way ANOVA taking into account PEEP level and
order.
A multiple linear regression model was used to examine
the effect of independent ventilatory variables (Cdyn,rs and
PEEP) and physical characteristics (age and BMI) on shunt
reduction.
In all statistical analyses, a two-tailed test was performed and
a P-value ≤0.05 was considered statistically signiﬁcant.
Statistical analysis was performed with using SPSS Statistics
for Windows, Version 20.0 (IBM, Armonk, NY, USA).
Results
Among the 84 screened patients, 52 were ﬁnally recruited (Fig. 1).
The clinical characteristics of the enrolled patients are shown in
Table 1, while ventilation settings and main physiological para-
meters are shown in Table 2.
For all patients, pulmonary shunt was signiﬁcantly decreased
(P<0.001) and dynamic compliance was signiﬁcantly increased
(P<0.001) on increasing values of PEEP. A signiﬁcant difference
in values of Cdyn,rs between surgery types was seen at all PEEP le-
vels. Patients undergoing laparotomy showed statistically higher
Cdyn,rs compared with those undergoing laparoscopic surgery at
ZEEP and at PEEPs of 5 and 10 cmH2O. For both laparoscopic sur-
gery and laparotomy, Cdyn,rs increased signiﬁcantly with each in-
crease in PEEP (P<0.05; Table 2).
Although no statistical signiﬁcance was found for differences
between surgical groups in relation to values of shunt (P=0.40),
differences could be seen if changes in shuntwith PEEPwere ana-
lysed for each surgical group. During laparotomy, pulmonary
shunt statistically decreased when a PEEP value of 5 cmH2O
was used compared with ZEEP (12 vs 7%; P=0.001) (Table 2). An
additional increase in the PEEP value from 5 cmH2O to 10
cmH2O did not result in further, statistically signiﬁcant reduction
in pulmonary shunt. No signiﬁcant changeswere observed in the
low V/Q ratio (i.e. O2 loss) between PEEP levels.
During laparoscopic surgery, shunt showed a slight, but not
signiﬁcant, decreasewhen a PEEP of 5 cmH2Owas used compared
with ZEEP (13 vs 10%; P=0.14). The reduction of pulmonary shunt
became signiﬁcant when a PEEP of 10 cmH2O was used (10 vs 6%;
P<0.05) Table 2). No statistically relevant variations were ob-
served for lung areas with low V/Q (O2 loss). A decrease of
shunt was associated with increased oxygenation in both groups
(Table 2). For all results, the two-way ANOVA for repeated mea-
sures showed no carryover effect with the order of PEEP changes
(P=0.65). Considering a multiple linear regression model that
takes into account compliance, age, BMI, and level of PEEP, the
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only variable associated with the variation of shunt was the level
of PEEP. Although ANOVA showed that PEEP reduced pulmonary
shunt (P<0.001), the latter was not inﬂuenced by the type of
surgery (P=0.40). There was no signiﬁcant interaction between
PEEP and surgery type, indicating that the pulmonary shunt re-
duction was consistent only with PEEP level.
84 Patients scheduled for
abdominal surgery were
screened (n=84)
52 Patients met the
inclusion criteria
32 Patients were excluded:
• Refused to participate (n=5)




  (Hb<10 g/dl) (n=7)
• Operations performed in
   urgency (n=9).
29 Patients analysed in the
laparoscopic surgery group
23 Patients analysed in the
laparotomy surgery group
52 Patients underwent laparoscopic or
laparotomy surgery as per clinical decision
and each was randomized to 0, 5 and 10 cm
H2O of PEEP
Fig 1 Study ﬂowchart.
Table 1 Perioperative characteristics of patients undergoing laparoscopic or laparotomy abdominal surgery. Normally distributed variables
are reported as mean () and non-normally distributed variables as median (interquartile range). BMI, body mass index; ASA, American
Society of Anesthesiologists; Hb, haemoglobin
Laparotomy (n=23) Laparoscopic (n=29)
Age (yr) 69 (63–75) 71 (56–78)
Height (cm) 168 (7) 172 (9)
BMI (kg m−2) 25 (19–34) 25 (19–43)
Male, n (%) 15 (65) 17 (59)
ASA physical status I/II/III, n 1/10/12 1/16/12
Current smokers, n (%) 3 (13) 6 (20)
Pack per years, n (%) 26 (12) 28 (10)
Preoperative Hb (g dl−1) 13 (2.2) 13 (1.5)
Preoperative creatinine (mg dl−1) 0.92 (0.1) 0.94 (0.4)
Surgical procedures, n




Duration of anaesthesia (min) 252 (78) 211 (80)
Intraoperative urine output (ml) 200 (100–375) 200 (100–400)
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The main ﬁnding of the present study is that setting PEEP is im-
portant during laparotomy and laparoscopic surgery. Increased
PEEP levels statistically improved both pulmonary shunt and dy-
namic compliance regardless of surgical type. The results are
perhaps less conclusive as to whether an increased PEEP is re-
quired to compensate for the effects of capnoperitoneum. Values
of shunt were not statistically different between groups, suggest-
ing that capnoperitoneum appears not to cause very much
shunt, despite the fact that values of dynamic compliance were
different in the two surgical groups. This is probably due to the
use of CO2 for capnoperitoneum. Recently Strang and collea-
gues25 demonstrated in pigs that the reabsorption of CO2 is able
to ameliorate V/Q mismatch by decreasing perfusion. The
authors explained their results by the attractive hypothesis that
CO can potentiate hypoxic vasoconstriction, in this way decreas-
ing the shunt fraction.25 In our study, however, increasing PEEP
improved dynamic compliance in both groups but appeared to
have different effects in relation to shunt. While a PEEP of 5
cmH2Owas able to produce a signiﬁcant reduction in shunt in pa-
tients undergoing laparotomy, a PEEP of 10 cmH2O seemed ne-
cessary to achieve the same result during laparoscopy. It may
therefore be the case that for patients with pulmonary shunt, a
more aggressive PEEP strategy is required in laparoscopic surgery.
The prevalent hypothesis for changes in pulmonary mechanics
and gas exchange after induction of anaesthesia is the develop-
ment of atelectasis due to low lung volume ventilation and re-
absorption of oxygen when used at high inspiratory fractions.26
Indeed, the magnitude of pulmonary shunt has been shown to
correlate with the degree of atelectasis.27 It has been shown pre-
viously that pulmonary shunt increases during anaesthesia and
muscle paralysis.28–30 A mean shunt of ∼8% (range 0–23%)29 has
been demonstrated in young patients, with more severe impair-
ment of lung function seen in older patients resulting in higher
values [∼15% (range 0–30%)].1 In addition, there are some data
suggesting lower values of shunt with intravenous anaesthesia,
possibly because of more moderate reductions in FRC31 or a
more preserved hypoxic pulmonary vasoconstriction.32
Anaesthetists can counterbalance the development of atelec-
tasis and the negative effect of low lung volume ventilation by
using PEEP.12 13 33 However, the correct value of PEEP during
anaesthesia remains a matter of debate, perhaps due to the
differences in preoperative clinical characteristics of patients or
different surgical procedures performed. Laparoscopic surgery
is associated with capnoperitoneum that can cause a cranial
shift of the diaphragm by 1–3 cm and a decrease of lung volume10
that results in a greater reduction of FRC when compared with
laparotomy. This can result in the closing volume (CV) becoming
greater than the EELV, promoting closure of the small airways, in-
creasing atelectasis, and therefore requiring higher values of
PEEP to compensate for these mechanisms.34 To understand
whether an increased PEEP would be beneﬁcial during laparo-
scopic surgery, providing compensatory alveolar pressure
against the collapsing alveolar pressure, we applied different le-
vels of PEEP in patients undergoing laparotomy and laparoscopic
surgery. The level of PEEP necessary to achieve similar levels of
pulmonary compliance, and possibly to maximise the reduction
of shunt, was different between the two groups, being higher in
the laparoscopic group. Presently we do not have an explanation.
However, we can hypothesize that this higher level of PEEP is
needed to keep open the small airways when CV is greater than
EELV. Only by stabilizing the small airways is it possible to reduce
atelectasis, achieve higher compliance and ameliorate shunt.
Furthermore, as pointed out by other authors in patients with
acute respiratory distress syndrome (ARDS), a role should be
played by the superimposed pressure (i.e. the hydrostatic pres-
sure at the dependent portion of the lung resulting from the
weight of the tissue above, which is themain reason for lung col-
lapse).35 It can be hypothesized that a PEEP of 5 cmH2O during
laparoscopic surgery is not high enough to act against a superim-
posed pressure, a result achieved by a PEEP 10 cmH2O. This level
of PEEP should also be able to counterbalance part of the intra-
abdominal pressure (IAP) created by capnoperitoneum and its
negative effects on respiratory mechanics and gas exchange. It
has been previously proposed to use a value of PEEP ranging
between half of the IAP and the IAP, particularly in the presence
of injured lungs.36 37 Hence a PEEP of 10 cmH2O might act as
a positive pressure that is able to counterbalance the effects
of IAP on respiratory mechanics, as previously pointed out by
Kundra and colleagues.38
Finally, a role can be played by the higher alveolar pressure
obtained when a given tidal volume is delivered in the presence
of high PEEP, allowing better recruitment of collapsed lung re-
gions. The application of 10 cmH2O of PEEP has been shown to re-
open collapsed lung tissue.12 34 Loeckinger and colleagues39
Table 2 Comparison between laparoscopy and laparotomy patients at different levels of PEEP. Values are presented as mean () or median
(interquartile range). ‡: comparison between laparoscopy and laparotomy group at each level of PEEP (unpaired Student’s t-tests or Mann–
WhitneyU-test; P<0.05); †: comparison between PEEP 0 and PEEP 5; #: comparison between PEEP 5 and PEEP 10; *: comparison between PEEP 0
and PEEP 10 in the same group (repeatedmeasure ANOVAwithmultiple pairwise comparisons and Bonferroni correction or Friedman’s rank
analysis; P<0.05). PEEP, positive end-expiratory pressure; Cdyn,rs, total respiratory system dynamic compliance; TV, tidal volume; RR,
respiratory rate; PaO2, arterial partial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide; FO2, fraction of inspired oxygen
PEEP 5 PEEP 0 PEEP 10
Laparoscopy Laparotomy Laparoscopy Laparotomy Laparoscopy Laparotomy
Cdyn,rs (ml cm
−1 H2O) 27 (7)
‡,†, * 35 (9)†, * 31 (8)‡, # 39 (11)# 35 (9)‡ 42 (13)
Shunt (%) 13 (7)* 12 (7)†, * 10 (6) 7 (5) 6 (7) 6 (4)
O2 loss (kPa) 2.3 (0.9–3.9) 2.6 (0.6–4.0) 4.5 (0.3–6.2) 2.8 (1.3–4.7) 3.9 (1.5–6.4) 3.0 (1.7–5.4)
TV (ml kg−1) 7.0 (1.4) 6.7 (0.7) 6.9 (1.3) 6.7 (0.9) 6.9 (1.4) 6.5 (0.8)
RR (cycles min1) 13 (1.5) 13 (1.2) 14 (2.0) 13 (1.3) 14 (1.8) 13 (1.0)
Arterial pH 7.39 (0.03) 7.38 (0.05) 7.38 (0.02) 7.39 (0.02) 7.39 (0.03) 7.37 (0.01)
PaO2 ; ðkPaÞ 18 (5)† 16 (4)†, * 17 (4)# 17 (4) 19 (4) 17 (3)
PaCO2 ; ðkPaÞ 5.6 (0.6)†, * 5.6 (0.9)†, * 5.7 (0.4)‡, # 5.2 (0.5) 5.9 (0.3)‡ 5.2 (0.5)
PaO2=FIO2 ratio (kPa) 45 (32–55)* 32 (24–48)
†, * 46 (32–56)# 37 (31–49) 49 (33–62) 37 (31–49)
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demonstrated that a PEEP of 15 cmH2O resulted in signiﬁcantly
less blood ﬂow to lung areas with shunt and signiﬁcantly more
blood ﬂow to lung areas with normal V/Q. We cannot conﬁrm
these data since we avoided such high values of PEEP because
of concern for possible haemodynamic side effects. Moreover,
the study of Loeckinger and colleagues was done in pigs, and
hence these results might not easily be applied to humans. It is
true, for example, that pigs should have stronger hypoxic pul-
monary vasoconstriction than humans. Moreover, the pig’s ab-
domen, which relative to its thorax is larger than in humans, is
possibly more distensible, suggesting that chest wall compliance
is different.
This study has some important limitations. Our results are
applicable in patients in which the induction of anaesthesia
has been made with a high FO2. Indeed, avoidance of the pre-
oxygenation procedure eliminates atelectasis formation during
the induction and subsequent anaesthesia.4 It can then be hy-
pothesized that induction with an FO2 <60% would have created
less atelectasis and hence more moderate changes in mechanics
and gas exchange, rendering the effects of PEEP less predictable.
Further, a slight Trendelenburg position was used during
laparoscopy. Although it has been previously demonstrated
that changing position from supine to Trendelenburg or reverse
Trendelenburg does not signiﬁcantly affect the compliance
of the respiratory system in either normal weight or obese
patients,40 our results were different when using a more pro-
nounced Trendelenburg position.
Another limitation is the lack of randomization of the surgical
procedures, as wewere able to randomize only the PEEP level. Fi-
nally, one can hypothesize that factors modifying shunt fraction
measurements can represent a limitation for the present study.
However,many of the variables onemight consider asmodifying
the estimation of shunt are taken into account by the ALPE sys-
tem. The models are adjusted to account for acid–base status
and haemoglobin concentration. Oxygen consumption is mea-
sured, as is arterial oxygen concentration, meaning that the
only assumed value in the calculation of mixed venous oxygen
concentration is the cardiac output. Indeed, cardiac output is
the only factor that has been estimated and which may have a
direct effect on the estimate of shunt. A sensitivity analysis
was performed previously looking at how a large error in the
measurement of cardiac output of ±2 litre min−1 would affect
the ALPE estimate of shunt. It was found that shunt varies by
∼2% litre−1 min−1 of error in the cardiac output estimate.28
Hence the effect of cardiac output estimation is irrelevant for pul-
monary shunt determination.
In conclusion, we demonstrated that although laparoscopy is
associated with acceptable respiratory gas exchange, setting
PEEP is important during both laparoscopic surgery and laparot-
omy, with PEEP having a signiﬁcant effect on pulmonary shunt
and dynamic compliance. Despite similar levels of shunt at
ZEEP, it appears that a more aggressive PEEP level is required to
reduce shunt and to normalize respiratory compliance in the
case of laparoscopic surgery.
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